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We report the dependence of magnetic properties on the crystalline disorder in Li2RuO3 with Ru
honeycomb lattice. This oxide exhibits unconventional Ru-dimer transition below Td ∼ 540 K. We
demonstrate that the cell parameters, related to the coherence of the dimer formation, are strongly
dependent on the synthesis procedure. We show that the magnetic behavior at the dimer transition
is closely related to the lattice parameters. In particular, we revealed that samples with well-
ordered dimers exhibit a first-order magnetic transition with the onset exceeding 550 K, higher than
that reported previously. We discuss possible dimer configurations leading to this magneto-lattice
coupling.
I. INTRODUCTION
Honeycomb lattices with magnetic ions at the vertices
of the hexagon have been under extensive experimental
and theoretical studies [1–6]. One of the main motiva-
tions is to find topological superconductivity predicted
to emerge with hole doping in the Kitaev-Heisenberg
model with the spin S = 1/2 [7–10]. Some examples
that can be modeled with the Kitaev-Heisenberg Hamil-
tonian are A2IrO3 (A = Li, Na). However, experimental
evidence of superconductivity has not been reported yet
[11–15]. More recently, through substitution of Ir4+ (5d5)
by Ru4+ (4d4) in Li2IrO3, the compound A2Ir1−xRuxO3
(A = Li, Na) is found to be even non-metallic [16].
Other examples of honeycomb-lattice compounds are
A2RuO3 (A = Li, Na) [13, 17–19] with nominally S=1
originating from Ru4+ in the low-spin state. In con-
trast to A2IrO3 (A = Li, Na), it has been discovered
that Li2RuO3 exhibits an unusual phase transition at
Td ∼ 540 K [20]. Below Td, two of the six Ru-Ru
bonds in the honeycomb hexagon become substantially
shorter than the others, forming static Ru-Ru dimers, as
schematically shown with thick red lines in Fig. 1. Be-
cause of this static dimerization, the high-temperature
structure with a nearly ideal honeycomb lattice, belong-
ing to the space group C2/m, is reduced to a less symmet-
ric structure with distorted honeycomb lattice belonging
to the space group P21/m below Td [16, 20, 21]. In-
terestingly, this dimer transition is accompanied by a
strong decrease of the magnetization. In order to ex-
plain the origin of this transition, scenarios such as the
transition from a highly correlated metal to a molecular-
orbital insulator accompanied by bond-dimer formation
[20, 22] and the formation of spinless dimers by magneto-
elastic mechanism [23] have been proposed. More re-
cently, a pair distribution function (PDF) analysis based
on high-energy X-ray diffraction (XRD) revealed that
the dimers exist even above Td but the positions of the
dimers change dynamically [21]. Thus, the transition at
Td can be regarded as the “melting” transition between
the dimer-liquid and dimer-solid phases.
In this work, we study the correlation between the cell
FIG. 1. (Color online) Room-temperature structure of
Li2RuO3 with the space group P21/m viewed from several
directions. Blue and green spheres represent Ru and Li ions,
while vertices of the octahedra represent O ions. Black and
red lines represent the long and short bonds whithin the Ru
honeycomb lattice. Panels (a), (b), and (c) show the struc-
ture as viewed along the a, b and c directions, while (d) is
along c*, the direction perpendicular to the ab plane. The
figures are prepared with the program VESTA [24].
parameters of Li2RuO3 and the magnetic behavior of
the dimer transition, focusing on the importance of the
crystallinity for the observation of intrinsic properties of
Li2RuO3.
II. EXPERIMENT
Polycrystalline Li2RuO3 samples were prepared from
Li2CO3 (Aldrich, 99.997%) and RuO2 (Rare Metallic,
99.9%). Li2CO3 was dried at 300
◦C for 2 hours. Their
2masses were measured, and then they were mixed and
ground for 1 hour in a conventional mortar. This starting
powder was pelletized and heated for 24 hours as the
first heating process. The process of grinding, pelletizing
and heating was repeated several times for some samples.
Details of the synthesis are summarized in Table I.
Powder XRD measurements were performed at room
temperature with a commercial diffractometer (Bruker
AXS, D8 Advance) using the CuKα radiation equipped
with a one-dimensional array of detectors and a nickel
monochromator. The sample stage was spun at 30 rpm.
Peak indexing was carried out using the program Topas
4.2. The tube tails as well as other instrument param-
eters were calibrated using a standard reference plate of
alumina provided by the National Institute of Standards
and Technology. Magnetization measurements were car-
ried out using a commercial superconducting quantum
interference device (SQUID) magnetometer (Quantum
Design, MPMS). Measurements of magnetization at high
temperatures (300 to 700 K) were performed using the
oven option for MPMS. We confirmed the validity of the
calibration of the oven thermometer by measuring the
ferromagnetic transition (TC = 627.2 K [25, 26]) of Ni
(Rare Metallic, 99.99%) at several fields. The calibra-
tion error of the thermometer at TC of Ni was found to
be less than 0.2%.
III. RESULTS AND DISCUSSION
A. Crystalline structure
In this study, we compare results of 8 samples. The
characters of the samples can be divided by their synthe-
sis procedures (Table I): samples A and B were heated
only once at 1000◦C [20]; samples C, D, and E were
heated two or more times with final heating at 900◦C
[17]; samples F to H were heated two or more times with
final heating at 1000◦C. All samples were furnace-cooled
after the heater was switched off. In addition, in order
to improve the homogeneity of the starting powder for
sample H, acetone was added to the powder during the
grinding.
In Fig. 2, powder XRD spectra of samples A to H are
presented. All the spectra are well fitted with the re-
ported space group P21/m with the static Ru-Ru dimers
[20]. Samples A and H do not show any secondary phase
by XRD, while the other samples contain a small amount
(at most 4%) of RuO2.
Surprisingly, we found that the cell parameters and
crystallinity of the samples are strongly affected by the
synthesis process. In Fig. 2(b), spectra between 17◦ and
25◦ are presented with a logarithmic vertical scale. It is
clear that peaks become sharper for samples with labels
in the order of the alphabet (A to H). In particular, peaks
related to the a parameter, i.e. (hkl) peaks with h 6= 0,
exhibit stronger sample dependence. For instance, the
(101¯) and (110) peaks have evidently different sharpness
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FIG. 2. (Color online) Comparison of XRD spectra of several
samples of Li2RuO3. The labels A–H identify samples listed
in Table I. Small horizontal shifts of the spectra mainly arisen
from small variation in the position of the sample surface are
observed. This shift was corrected when the cell parameters
were obtained. The panel (a) shows the intensity I vs 2θ and
(b) the semi-logarithmic intensity I vs 2θ in a narrower angle
range. Expected peak positions for Li2RuO3 (P21/m) and
RuO2 are indicated with brown and gray vertical lines.
depending on the samples and these peaks are signifi-
cantly broader for samples A and B, which were heated
only once. In contrast, the peaks belonging to directions
that only include the c direction (i.e. (00l) peaks) exhibit
a weaker change.
For a more quantitative analysis, Fig. 3 compares the
full width half maximum (FWHM) of the (110), (020)
and (001) XRD peaks as a function of the a-axis length.
It is clear that the change in the FWHM of the (110) peak
amounts 300%, much stronger than those of the other
peaks (40% for (020) and 16% for (001)). This contrast
indicates that the broadening is intimately related to the
degree of dimer formation since the dimer-bond direction
is predominantly along the a axis, but not to the degree
of mosaicity which would broaden all peaks equally.
The cross section of the X-ray scattering is sensitive to
the atomic number (Z ). Since both lithium (Z = 3) and
oxygen (Z=8) are light elements, conventional XRD used
in this study does not contain much of their information.
To confirm this, we performed simulations of XRD pat-
3TABLE I. Summary of lattice parameters of Li2RuO3 and synthesis conditions.
sample
label...
starting
composition
Li : Ru
(mol : mol)
.
Max.
temp.
of the 1st
heating stepab
(◦C)
Max.
temp.
of the 2nd
heating stepbc
(◦C)
Max.
temp.
of the 3rd
heating step bc
(◦C)
a (A˚) .
..
b (A˚) .
..
c (A˚) .
..
β (◦) .
..
A 2.08 : 1 1000 - - 4.9403(13) 8.7655(23) 5.8893(17) 124.4395(40)
B 2 : 1 1000 - - 4.9470(05) 8.7622(09) 5.8916(06) 124.4615(29)
C 2 : 1 1000 900 - 4.9268(10) 8.7755(18) 5.8958(13) 124.3760(31)
D 2 : 1 1000 900 900 4.9269(13) 8.7773(23) 5.8974(16) 124.3757(30)
E 2 : 1 1000 900 900 4.9233(09) 8.7741(15) 5.8941(11) 124.3726(31)
F 2 : 1 1000 900 1000 4.9230(08) 8.7806(14) 5.8959(10) 124.3610(23)
G 2 : 1 1000 1000 - 4.9200(04) 8.7809(08) 5.8940(06) 124.3501(14)
Hd 2 : 1 1000 1000 - 4.9198(04) 8.7822(07) 5.8932(05) 124.3485(13)
a For 24 hours.
b We spent 2.5 hours from room temperature to Tmax.
c For 48 hours.
d Acetone was added while grinding in order to enhance the homogeneity.
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
 4.92  4.93  4.94  4.95
(a)
r
2
 = 0.94
(110)
FW
H
M
 o
f X
RD
 p
ea
ks
 (o
)
a(Å)
FW
H
M
 o
f X
RD
 p
ea
ks
 (o
)
A
B
C
D
E
F
G
H
 4.92  4.93  4.94  4.95
r
2
 = 0.84
(b)
(020)
a(Å)
 4.92  4.93  4.94  4.95
r
2
 = 0.83
(c)
(001)
a(Å)
FIG. 3. (Color online) Full width half maximum (FWHM)
of the peaks (110), (020) and (001) of the XRD peaks as a
function of the cell parameter a, shown in the panels (a), (b),
and (c) respectively.
terns (not shown) changing the structure factor of the
O (Z = 8) using the space group P21/m. The relative
intensity of the peaks (110), (020) and (001) are found
to remain invariant despite structure factor is changed.
This fact confirms that these peaks in Li2RuO3 are sen-
sitive only to Ru atoms. Thus the broadening of those
peaks is related to the Ru positions.
The difference in sharpness of the peaks is attributed to
the spatial coherence of the short bond (dimer), which is
mainly aligned along the a-axis with a smaller component
along the b-axis (see Fig. 1(d)); non-dimerized Ru ions
result in decoherence of the Ru dimers, leading to broader
peaks. Thus, the present results indicate that the degree
of formation of the Ru dimers is crucially dependent on
the sample preparation process.
This scenario is supported by the variation in the ob-
tained lattice parameters, which are summarized in Ta-
ble I. It is clear that the variations of the cell parameters
have a definite tendency. The strongest sample depen-
dence among the four lattice parameters is seen in the
a parameter (nearly 0.41%). Shorter a for well treated
samples indicates well-ordered Ru-Ru dimers. In con-
trast, the changes in b, c and β are only 0.19, 0.06% and
0.07%, respectively. It is a bit surprising that samples
with well-ordered dimers (such as G and H) have longer
b, in contrast to shorter a in such samples. Possible sce-
narios for this systematic enlargement of b when a is
shorter are proposed in Sec. III B.
B. Magnetic behavior and its correlation with the
crystalline structure
In Fig. 4(a), we present the temperature dependence of
the magnetization at 10 kOe normalized by the maximum
magnetization m ≡M/Mmax (Mmax ∼M610 K depend-
ing on samples) of representative samples. In this plot,
diamagnetic contributions of ion cores [27] have been sub-
tracted. Similar to the lattice parameters, the magnetic
behavior is strongly sample dependent. In particular, the
magnetic transition is very broad for samples A and B,
prepared with only one heating process. In contrast, for
samples G and H, which have been prepared by more
elaborate processes, a jump-like behavior in m(T ) at Td
is observed. As shown in the inset of Fig. 4(a), sample G
exhibits a sharp onset at 553 K, noticeably higher than
the previously reported Td of 540 K [20]. The difference
in the sharpness of the magnetic transitions is more ev-
ident in the temperature derivative of m(T ) plotted in
Fig. 4(b). For samples G and H, dm/dT has a much
sharper peak with large height and smaller width com-
4pared to other samples. The jump inm(T ) and the sharp
behavior in dm/dT for samples G and H indicate that
the dimer transition is intrinsically the first-order transi-
tion, with a finite jump in the magnetization for an ideal
case. This is compatible with a recent study where the
dimer transition is found to be the first-order transition
by means of differential thermal analysis (DTA) [28].
One comment should be made on the high-temperature
crystal structure above Td. Initially, the space group at
high temperature was proposed to be C2/m [20]. How-
ever, it was mentioned in that paper that the Rietveld
refinement of neutron diffraction is equally good for the
space groups C2/m and C2/c. The space group C2/m
was chosen under the premise that the dimer transition is
a second-order one. Since the transition is now found to
be first order, the possibilities of the space group C2/c
as well as C2/m for the high temperature phase need
to be reconsidered on equal footing [20]. We should
note that this assignment is for the averaged “thermo-
dynamic” structure which consists of dynamical changes
of dimer configurations.
Sharp changes of physical quantities at a first-order
transition can be rounded by the effect of inhomo-
geneities (disorder) and the discontinuity can be com-
pletely vanished when the amount of disorder reaches a
certain limit, as explained in Ref. [29]. Based on the
rounded curves of samples A and B (Fig. 4(a)) and the
heating treatment of those samples (Table I), it is sugges-
tive that the rounding of the transitions is caused by dis-
order. We confirmed that measuring several times from
300 K to 700 K and vice versa does not affect the sharp-
ness of the transition or the value of the magnetization
at 300 K (not shown). This indicates that the disorder
is retained even in the high temperature phase (at least
up to 700 K). The possible distortions will be discussed
in the final part of this section.
Given these data, it is important to investigate rela-
tions between the crystal structure and magnetic behav-
ior. We plot in Fig. 5 the inverse of the FWHM of the
peak in dm/dT , as functions of several lattice parameters.
The former characterizes the sharpness of the magnetic
transition. According to the values of the square of the
Pearson correlation coefficients (r2) shown in Fig. 5, the
main correlation between the structural parameters and
sharpness of the magnetic transition is present in the cell
parameters a, b and β, but not in c (see the definitions
of the cell parameters in Fig. 1).
We have chosen the parameter a for quantifying the
in-plane distortion for hexagonal lattices and examine re-
lations to behavior at the magnetic transition. As seen in
Fig. 5(a), samples whose a value is larger have a broader
magnetic transition, whereas samples whose a is shorter
have a sharper transition (i.e. samples F, G and H). The
temperature of the magnetic transition, Td, is also related
to the lattice parameters. Here, Td is determined by the
maximum point in dm/dT . In Fig. 6(a), we present Td
plotted against a. Samples exhibiting shorter a tend to
have higher Td.
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FIG. 4. (Color online) (a) Temperature dependence of the
magnetization ratio m ≡ M/Mmax at 10 kOe of representa-
tive samples. Results taken from Miura et al. [20] and Lei et
al. [16] are included for comparison. Further analysis cannot
be performed since the method and devices for the measure-
ment may differ from ours. Inset shows the behavior near the
transition. The diamagnetism due to the core electrons has
been subtracted [27]. (b) Temperature derivative of m.
In addition to the sharpness of the magnetic transi-
tions, values of the normalized magnetization at 300 K
m300 K = M300 K/Mmax also exhibit correlation with
some other properties. In Fig. 6(b), we show the rela-
tion between the FWHM of dm/dT and m300 K. From
the linear fitting, we can extrapolate to the ideal case
of FWHM → 0 to yield m300 K = 0.33 ± 0.02. The
measured value of the maximum susceptibility of sam-
ple H after the diamagnetic corrections is χmax = 5.04×
10−4 emu/mol at 610 K. By using this ideal ratio m300 K
and χmax for sample H, we deduce for an ideal dimer
structure the magnetization at room temperature to be
χ300 K ∼ 1.68× 10−4 emu/mol. So far this large residual
magnetization at room temperature has been attributed
to the Van Vleck paramagnetism [20, 23, 30], but not
confirmed yet.
Here, we discuss the origin of the observed coupling
between the lattice and magnetic features. As already
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FIG. 5. (Color online) Comparison between the sharpness
of the magnetic transition and various structural parameters.
The former is characterized by the inverse of the full with at
half maximum (FWHM) of dm/dT (T ). We plot this quantity
as functions of the cell parameters a, b, c and β in (a–d). In
(a–c) the same horizontal scales (0.04 A˚) for the full scale are
used to highlight the differences in the change of the lattice
parameters. The red and green lines are linear fittings whose
square of the Pearson correlation coefficients (r2) are shown
in these panels. Alphabets A, B, C, etc. correspond to the
sample labels in Table I.
described, the sample dependence of lattice properties
can be explained by the coherence of the dimer forma-
tion. The variation in the magnetic transition is also
related to the coherence of the dimer ordering. Since
the spins are expected to form non-magnetic spin-singlet
within a dimer [20, 21], the reduction of magnetization
represents the amount of Ru ions participating in the
dimer formation. Overall, these results indicate that the
coherent formation of the Ru dimers is the origin of the
magneto-lattice coupling.
We further discuss possible magnetic and crystalline
defects responsible for the broadening of the (h00) peaks,
elongation of the parameter a, shortening of the param-
eter b, and the broadening of the magnetic transition.
Naively, an unpaired Ru ion, represented by a red sphere
in Fig. 7(b), is accompanied by an active magnetic mo-
ment. Such non-dimerized ions should contribute to elon-
gate the cell parameter a as well as the broadening of the
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FIG. 6. (Color online) (a) Relation between Td determined by
the peak of dm/dT (T ) and the lattice parameter a. (b) Cor-
relation between the sharpness of the magnetic transition and
m300 K. The diamagnetic contributions of the ionic cores have
been substracted [27]. The red line indicates linear correlation
while the green dashed line indicate weak linear correlation.
peaks with h 6= 0 compared with the ideal dimer phase.
Since unpaired ions have higher energy as pointed out
in Ref. [21], formation of dimers along the b direction
(Fig. 7(c)) should also be considered. Indeed, the en-
ergy required to form the b-axis dimer is expected to be
similar to the energy of the other dimers [21], which we
shall call the “a-axis dimer”. Such dimers should be ac-
companied by unpaired ions with active spins, increasing
the magnetization at room temperature (m300K). For-
mation of the b-axis dimer may also explain shrinkage
of the b-axis length for samples A and B. In addition,
misplaced “a-axis dimers” (Fig. 7(d)) also result in the
broadening of the h 6= 0 peaks of XRD, accompanying
unpaired Ru ions that contribute to the enhancement of
magnetization. Another possible defect is domain walls
between regions with opposite dimer patterns, as shown
in Fig. 7(e). Note that, in each hexagon, the four Ru
bonds having the a-axis component are equivalent in the
high-temperature phase [20]. Thus, formation of two dif-
ferent domains is plausible. Along the domain wall, ei-
ther b-axis dimers or unpaired Ru ions exist. So far it is
an open and interesting question which defects is most
dominant in actual samples.
We note that the broadening of XRD peaks at-
tributable to stacking faults has been previously reported
in Li2MnO3, which has a similar honeycomb structure
[31]. The broadening of the XRD peaks in Li2RuO3
(Fig. 2) might be affected by the stacking faults as well.
However, one important difference between Li2MnO3 and
Li2RuO3 is the presence of dimers with short Ru-Ru
bonds in the ruthenate, in which the amount of in-
plane distortion
√
3a/b and the sliding angle β are much
greater. In this paper, we have demonstrated that the
6FIG. 7. (Color online) Schematic of the Ru honeycomb layer
of Li2RuO3 with Ru-Ru dimers. Red and black lines indicate
the short (dimer) and long bonds. Dashed pink lines indi-
cate the positions where dimer bonds are located in a perfect
dimerized structure. Blue and red spheres represent dimer-
ized and non-dimerized Ru ions. A unit cell [20] in the ab
plane, as well as the cell parameters a and b, is also shown.
(a) Ideal dimer pattern with “a-axis dimer”. (b) With a pair
of non-dimerized Ru-ions. (c) With a dimer in the b direction.
(d) With a misplaced “a-axis dimer”. (e) With a boundary
of dimer domains.
broadening of the XRD peaks and the broadening of the
magnetic transition associated with dimerization are in-
timately related. Because stacking faults alone cannot
explain the observed magnetic behavior, the dimer deco-
herence in each layer must be involved in the XRD peak
broadening.
As we already mentioned, decoherence and defects in
the dimer formation are triggered by another kind of de-
fects already imprinted in the high-temperature struc-
ture. According to the previous thermogravimetric anal-
ysis (TGA) of Li2RuO3 [32], this compound is stable up
to ∼ 1200◦C without any detectable loss in the mass.
On the other hand, we observe increment of the amount
of impurity RuO2 phase while improving the dimer co-
herence by repeating the grinding and heating process.
This segregation of RuO2 implies that Li is deficient in
samples with less coherent dimers, probably due to the
evaporation of Li2CO3 in the initial heating. Then, sam-
ples with coherent dimers are formed after heating again
to 1000◦C by rearranging Li and releasing RuO2. In
Li2RuO3, there are two Li sites in the crystal structure:
the inter-plane site and the in-plane site at the center of
the Ru hexagon. Since Li at the inter-plane site is ex-
pected to be more movable and defects in this site should
be relaxed at lower temperatures, we infer that defects in
the in-plane site are more likely to be responsible for the
decoherence of the Ru dimer formation. To verify this
scenario, studies of the intentional introduction of Li de-
fects may be valuable. We should note that the dimer
coherence can be indirectly disturbed also by stacking
faults, since they affects the interlayer coupling of the
dimers.
Before closing this section, we compare our results with
those in previous studies. The broad magnetic transition
of samples with less coherent dimers such as samples A
and B (Fig. 4) resembles those reported for samples par-
tially substituted with Ir or Ti [16, 28]. This fact raises a
possibility that the effects on the dimer transition are
mainly caused through the randomness introduced by
isovalent substitution, rather than changes in the elec-
tronic structure. Similarly, the randomness effect on the
absence of the dimer transition in single crystals reported
in Ref. [33] should be re-examined.
IV. CONCLUSION
We have examined crystalline and magnetic properties
of various Li2RuO3 samples. In order to obtain high-
quality polycrystalline samples exhibiting intrinsic coher-
ent dimer formation in Li2RuO3, the following elements
are important: more than one grinding/heating process,
final heating at 1000◦C, and thorough homogenization
before heating to reduce RuO2 impurities. In fact, by
improving the sample dimer coherence, we show that the
intrinsic magnetic transition is of first order and has a
sharp onset at as high as 553 K, noticeably higher than
540 K reported previously. It has been demonstrated
that disorder sensitively affects the coherence of dimer-
ization, which is reflected systematically in the lattice pa-
rameters as well as the magnetic transition. We expect
these results provide important bases for elucidating the
intrinsic properties of Li2RuO3.
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